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an	overview	of	late	age	immune	responses.	We	then	discuss	immune	




could	 leverage	 sex	 differences	 to	 illuminate	 links	 between	 senes-
cence	and	immunity.
2  | THE THEORETIC AL CONTE X T
Why	 do	 we	 ‘age’?	 Fisher	 argued	 that	 senescence	 emerges	 as	 a	
result	 of	 the	 accumulation	of	deleterious	 age‐specific	 traits	 that	
cannot	be	efficiently	removed	by	natural	selection	(Fisher,	1930).	
Such	 ‘mutation accumulation’	 will	 lead	 to	 senescence,	 as	 further	
formalized	by	Haldane	 (Haldane,	1942)	 and	Medawar	 (Medawar,	
1952).	 By	 1957,	 Williams	 introduced	 the	 concept	 of	 ‘antagonis‐
tic pleiotropy’	where	 a	mutation	 that	 increased	 survival	 or	 fertil-
ity	early	 in	 life	 at	 the	expense	of	 survival	or	 fertility	 later	 in	 life	
would	 be	 likely	 to	 spread	 in	 a	 population.	Williams	 also	 laid	 out	
theoretical	 expectations	 for	 differences	 in	 senescence	 between	
the	sexes	(Williams,	1957),	predicting	that	the	sex	with	‘the	higher	
[background]	 mortality	 rate,	 and	 the	 lesser	 rate	 of	 increase	 in	
fecundity’	 with	 age	 should	 undergo	 the	most	 rapid	 senescence,	
for	example	the	more	rapid	increase	in	mortality	with	age.	While	
higher	rates	of	actuarial	senescence	are	observed	in	males	in	some	
mammal	 species	 for	which	males	 have	higher	mortality	 (Gaillard	
&	 Lemaître,	 2017),	 exceptions	 can	 also	 be	 found	 (e.g.	 large	 her-
bivores	(Lemaître	&	Gaillard,	2013)).	Theory	indicates	that	higher	
background	mortality	alone	(within	a	sex,	or	a	species)	should	not	












male	and	 female	phenotypes.	He	 further	posited	 that	 the	ultimate 




Keller,	 &	 Reusch,	 2011)	 or	 towards	 sexual	 competition	 (Clutton‐
Brock	&	Isvaran,	2007).
What	does	this	theory	mean	for	selection	on	immune	function	
(i.e.	 the	 various	 roles	 of	 immune	 systems	 in	 organismal	 physiol-
ogy,	 including	defence	 against	 infection)	 across	 the	 sexes?	Early	
experimental	work	(Bateman,	1948)	yielded	one	simple	prediction:	
the	 sex	 that	obtained	 the	greatest	 fitness	 returns	 from	securing	
matings	 (sexual	 selection)	 should	 favour	 investment	 away	 from	
survival	and	towards	competition.	Due	to	survival	benefits	of	de-
fence	 against	 infection,	 despite	 predicted	 resource	 costs	 of	 im-
mune	 responses,	 it	 was	 subsequently	 suggested	 that	 this	 might	









(Forbes,	 2007).	 Furthermore,	 contrasting	 ‘strong’	 versus	 ‘weak’	
immune	responses	of	the	two	sexes	obscures	the	fact	that	selec-
tion	might	differentially	affect	various	aspects	of	immune	function	
(Stoehr	&	Kokko,	 2006),	 from	pathogen	detection	 to	 the	magni-
tude	 of	 a	 pathogen‐killing	 response	 (Metcalf	 &	 Graham,	 2018;	
Metcalf,	Tate,	&	Graham,	2017).
Understanding	 the	 role	 of	 immune	 function	 in	 senescence	
is	 also	 challenging,	 because	 the	 immune	 system	 is	 a	master	 regu-
lator	of	physiology	and	homeostasis,	and	plays	varied	 roles	across	
age	 (Figure	1).	Efforts	 to	 identify	 reliable	biomarkers	of	ageing	 in-
creasingly	encompass	measures	of	immune	function	(Nussey,	Watt,	
Pilkington,	 Zamoyska,	&	McNeilly,	 2011).	 Yet,	 the	 diversity	 of	 im-
mune	 cells,	 and	 how	 they	 affect	 each	 other's	 activity	 (Figure	 2),	
makes	 interpreting	 such	measures	 challenging.	 One	 path	 forward	
is	 to	 leverage	 clear	 contrasts:	 striking	 sex	 differences	 in	 immune	




3  | AGEING AND IMMUNE FUNC TION
Late	age	 (dys)function	 is	shaped	by	mutation	accumulation	 (where	
rarity	 of	 late	 age	 individuals	 allows	 fixation	 of	 deleterious	 muta-
tions)	 or	 trade‐offs	 playing	 out	 across	 age	 (whether	 genetic,	 as	 in	




ous	 effects,	which	 only	manifest	 at	 later	 ages),	 function	 is	 always	




cytic	ability,	 intracellular	killing	or	chemotactic	 response	 (Boraschi	
et	al.,	2013;	Simon,	Hollander,	&	McMichael,	2015;	Uciechowski	&	
Rink,	 2018).	Adaptive	 immune	 cells	 also	 show	declines:	 for	 exam-
ple,	 individual	 B	 lymphocytes	 accumulate	 somatic	mutations	 over	
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age	that	impair	repair	(Zhang	et	al.,	2019),	 just	as	the	ability	of	the	











amples	 illustrate	 the	 important	point	 that	greater	abundance	does	
not	necessarily	translate	into	greater	functionality	for	immune	effec-
tors.	Beyond	abundance,	the	trade‐offs	that	shape	immune	function	
and	 the	dynamic	 interactions	of	 relevant	 cell	 populations	must	be	
considered.
4  | TR ADE‐ OFFS A SSOCIATED WITH 
IMMUNE FUNC TION OVER THE LIFE 
COURSE
Hosts	are	prevented	from	achieving	perfect	immune	defence	against	
all	 threats	by	trade‐offs	 that	emerge	from	allocation	of	 limited	re-
sources	between	different	necessary	life‐history	functions	(Sheldon	
&	 Verhulst,	 1996)—for	 example,	 investment	 towards	 immune	 re-
sponses	 might	 reduce	 resources	 available	 for	 other	 life‐history	
priorities	such	as	growth	or	fertility.	Compounding	the	problem,	pro-
tection	against	pathogens	often	comes	at	the	cost	of	‘self‐harm’	due	










&	Godfray,	 2001).	Maintaining	 constitutive	 or	 fixed	defences	may	
be	costly.	For	example,	 resistance	to	bacterial	 infection	negatively	
correlates	with	fecundity	of	uninfected	fruit	flies	(McKean,	Yourth,	
Lazzaro,	 &	Clark,	 2008).	 Such	maintenance	 costs	might	 select	 for	
varied	persistence	of	immune	function	across	age.	Early	atrophy	of	
the	 thymus,	 the	 organ	where	T	 cells	 are	 produced	 in	 vertebrates,	
is	a	striking	example	of	altered	functioning	with	age	thought	to	be	
associated	with	 the	 spectacular	metabolic	 costs	of	 random	gener-
ation	of	T‐cell	 receptors	 (Palmer,	2013;	Yates,	2014).	Early	 thymus	
atrophy	could	free	up	resources	for	other	functions	(perhaps	partic-
ularly	 reproduction,	since	 involution	precedes	the	age	at	maturity)	





Beyond	the	relative	benefits	of	 ‘having’	and	 ‘maintaining’	an	 im-
mune	 system,	 costs	 of	 ‘using’	 an	 immune	 system	 have	 presumably	
been	central	in	shaping	the	ubiquity	of	inducibility	and	active	down-
regulation	across	 the	 life	cycle	 (McKean	&	Lazzaro,	2011).	 Infection	
or	 other	 immune	 ‘insults’	 occur	 repeatedly	 through	 life	 (Figure	 1,	































Hayflick	 limit	 (Ndifon	&	Dushoff,	 2016)	 induced	 immune	 responses	
may	 spiral	 out	of	 control.	 In	 particular,	 the	moderating	 influence	of	
regulatory	T	cells	upon	other	 cells	 (Moore,	Waal	Malefyt,	Coffman,	





cellular	 detritus	 (Rea	 et	 al.,	 2018),	 and	 drives	 chronic	 inflammation	
in	older	individuals	(Okin	&	Medzhitov,	2012).	This	syndrome	is	also	
referred	 to	 as	 ‘inflammaging’	 (Franceschi	 et	 al.,	 2000)	 and	 confers	
greater	 risk	 of	mortality	 associated	with	 immunopathology.	 Indeed,	
adaptive	immune	components	senesce	faster	on	average	than	innate	
components	in	wild	animals	(Peters,	Delhey,	Nakagawa,	Aulsebrook,	













ing	 first	on	 survival.	 First,	 induction	 is	 associated	with	a	 trade‐off	
based	around	discriminating	whether	or	not	to	respond	(Metcalf	et	
al.,	2017).	The	cost	of	false	negatives	 (failing	to	detect	a	pathogen	
that	 is	 present)	must	 be	 balanced	with	 the	 cost	 of	 false	 positives	
(launching	an	immune	response	in	the	absence	of	a	threat	could	re-
sult	 solely	 in	 costly	 immunopathology,	 Figure	 3a).	 Since	 the	 costs	
of	immunopathology	(false	positives,	Figure	3a)	will	manifest	in	the	
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absence	of	any	of	 the	hazards	 immunity	 is	designed	to	counteract	





otherwise	 pay	 the	 cost	 of	 false	 positives	 for	 longer;	 or	 declining	
probability	of	responding	over	age	if	induction	probability	is	tunable	
(Metcalf	 et	 al.,	 2017).	 This	 logic	 suggests	 that	 reduced	expression	
or	 signalling	of	many	 innate	 immune	 receptors	 at	 late	 ages	 (Shaw,	
Goldstein,	&	Montgomery,	2013)	could	actually	be	adaptive	rather	





efits	 of	 pathogen	 control	 must	 be	 balanced	 against	 the	 costs	 of	
self‐harm	(Figure	3b).	The	magnitude	of	the	response	(e.g.	number	
of	 immune	 effectors	 launched)	must	 be	 large	 enough	 to	 diminish	
pathogen‐associated	 mortality	 yet	 not	 sufficiently	 large	 as	 to	 re-
sult	 in	 excessive	 immunopathology.	Optimizing	 around	 this	 trade‐
off	 will	 depend	 on	 where	 organisms	 lie	 along	 the	 discrimination	
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trade‐off—higher	 sensitivity	 (more	 false	 positives)	will	 entail	more	
frequent	 responses,	 and	 can	 thus	 select	 for	 lower	 magnitude	 re-
sponses	(Metcalf	&	Graham,	2018),	which	might	also	vary	between	
the	sexes.	Figure	3b	focusses	on	survival,	but	the	cost	could	also	be	





tersects	with	 another	 set	 of	 trade‐offs	 (e.g.	 Raberg,	 Sim,	&	 Read,	
2007).	For	example,	selection	may	favour	the	evolution	of	‘tolerance’	








course:	 for	 example	 a	 transition	 from	 ‘resistance’	 to	 ‘tolerance’	 as	
animal	age	has	been	suggested	in	rodents	(Jackson	et	al.,	2014)	and	
sheep	(Froy	et	al.,	2019;	Garnier	et	al.,	2017).
5  | INTER AC TIONS BET WEEN IMMUNE 
FUNC TION E ARLY AND L ATE IN LIFE







negative	 effects	 (Figure	2),	with	 reduced	 longevity	 of	 bacteria‐re-
sistant	flour	beetles	relative	to	RNAi	knockouts	of	a	key	immune	ef-
fector	(Khan	et	al.,	2017).	However,	such	patterns	are	not	ubiquitous,	




opposite	can	also	occur,	that	 is	 increased	early	 life	hazards	associ-
ated	with	protection	later	in	life	(Figure	2).	For	example,	data	from	
human	populations	 suggest	 that	early	 infection	may	be	protective	
as	 it	 allows	 the	 immune	 system	 to	 learn	 to	 ‘curb’	 itself	 (McDade,	
2012).	 Another	 phenomenon	 that	 can	 result	 in	 this	 pattern	 is	 im-
mune	memory.	Exposure	to	a	pathogen	can	result	in	subsequent	pro-
tection	from	that	same	pathogen,	via	lymphocyte‐mediated	memory	
in	 vertebrates,	 or	 analogues	 (thus	 far	 largely	 described	 phenome-
nologically	 rather	 than	mechanistically)	 in	 invertebrates	 (Pinaud	et	
al.,	2016;	Watson	et	al.,	2005).	 If	 ‘remembered’	 responses	provide	
an	important	 line	of	 immune	defence,	then,	 in	contrast	to	theoret-
ical	predictions,	early	life	cannot	be	protected	over	and	above	late	
life	(setting	effects	due	to	transgenerational	immune	priming	to	the	
side).	 For	 example,	 pathogens	 like	measles	 contribute	 little	 to	 late	
age	mortality,	because	most	individuals	are	infected	early	in	life,	thus	






in	 defence,	 and	 in	 the	worst	 case,	 strongly	 targeting	 self‐antigens	
(Deshpande,	 Parrish,	 and	 Kuhns,	 2015).	 Both	memory	 imbalances	
and	autoimmune	disease	could	reduce	survival	at	later	ages.
6  | ULTIMATE DETERMINANTS OF 
SE X DIFFERENCES IN IMMUNIT Y: 
IMPLIC ATIONS FOR SENESCENCE
To	 probe	 how	 the	 dynamic	 (Figure	 2)	 interacting	 trade‐offs	
(Figure	 3)	 associated	with	 immune	 function	 translate	 into	 senes-
cence,	we	next	 focus	on	how	strikingly	diverse	sex	differences	 in	
immunity	 (Klein	&	 Flanagan,	 2016)	might	 evolve,	 and	 infer	 impli-
cations	 for	 the	evolution	of	 senescence.	While	 the	proximate	de-
terminants	of	 sex	differences	 can	 include	both	 chromosomal	 and	
hormonal	differences	(Box	1),	ultimate	determinants	will	be	rooted	
in	 differences	 in	 investments	 in	 competing	 and	 caring	 between	
males	and	 females	given	core	 trade‐offs	 (Figure	3)	across	 the	 life	
span.	Ultimate	explanations	have	been	framed	around	four	aspects:	
quantitative	 sex	 differences	 in	 immune	 responses	 (a);	 qualitative	






The	 first	 framing	 broadly	 posits	 that	 the	 ‘caring’	 sex	 (females	
in	 many	 species)	 has	 been	 selected	 to	 have	more	 ‘robust’	 immune	












Blackwell,	 &	 Gaulin,	 2019)),	 and	 overall,	 sex	 differences	 are	 more	
complex	 than	a	simple	 reduction	of	 immune	response	magnitude	 in	
the	non‐caring	sex	(Klein	&	Flanagan,	2016).	However,	assuming	that	
this	framing	provides	a	reasonable	approximation,	what	is	implied	for	
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immune‐mediated	effects	on	senescence?	The	sex	with	the	more	‘ro-
bust’	 immune	 response	might	be	expected	 to	suffer	more	 from	the	













for	 inflammatory	 responses	 as	 being	 swift	 although	 destructive,	 in	
line	with	males	being	selected	for	a	‘faster’	lifestyle	(Sears,	Rohr,	Allen,	
&	Martin,	2011);	see	also	(Roved,	Westerdahl,	&	Hasselquist,	2017).	
This	 framing	 broadly	 suggests	 opposite	 sex‐specific	 pathologies	 at	
late	ages	to	the	first	framing	(Table	1).	Qualitative	immune	differences	
can	also	be	framed	in	terms	of	trade‐offs	associated	with	pathogen	
discrimination	 and	 response	magnitude	 (Metcalf	 &	 Graham,	 2018).	
Empirically,	 in	 birds	 and	 mammals,	 enhanced	 pathogen detection is 









a	dynamic	 system—if	pathogen	 incidence	 is	 low	 in	 females	 as	 a	 re-
sult	of	early	detection	and	exclusion	(e.g.	influenza	in	humans	(Kadel	








inflammatory	 (Sears	 et	 al.,	 2011)	 or	more	 discriminating	 (Metcalf	 &	
Graham,	 2018)	 immune	 system.	 In	 each	 scenario,	 the	 presence	 of	
TA B L E  1  Four	explanations	for	sex	differences	in	immunity	(columns,	see	text)	framed	in	terms	of	expectations	in	the	‘caring’	sex	
(generally	females),	and	expected	alignment	with	immune	trade‐offs	(rows)	with	implications	for	senescence	(final	row)
Trade‐off Quantitative differences Qualitative differences
Effect of transfer of 
antibodies Effect of pregnancy
Having an immune 
systema
More	expenditure Either Either Either
Maintaining an immune 
systema
More	expenditure Either Either Either








































Larger	investment Either Either Either
Implications for immune 
effects on survival in the 
caring sex at late ages
Greater	immunopathology	



























Fourth,	 pregnancy	 importantly	 defines	 female	 immune	 system	
function	 in	 mammals.	 During	 pregnancy,	 females	 must	 meet	 the	
physiological	challenge	of	not	responding	to	the	(non‐self)	foetus	to	
prevent	abortion,	driving	selection	for	greater	plasticity	(as	females	
move	 in	and	out	of	pregnancy)	 than	required	by	the	male	 immune	
system	(Natri,	Garcia,	Buetow,	Trumble,	&	Wilson,	2019),	a	process	









menopause,	 tight	dependence	of	 immune	 function	on	 female	hor-
mones	could	result	in	mutually	exclusive	scenarios	at	late	ages:	net-
works	that	are	robust	to	perturbations,	including	declines	occurring	















that	modify	 senescence.	 Sex	 differences	 provide	 one	 avenue	 to	
probing	this	question—differing	selection	pressures	on	the	sexes	





imply.	 Effectively	 leveraging	 the	 distinction	 between	 the	 sexes	
will	require	careful	theoretical	framing	of	the	various	ultimate	ex-
planations	and	extensive	empirical	study.	Measuring	outcomes	in	
terms	of	causes	of	death	has	 the	merit	of	being	 tractable,	but	 is	
also	comparable	across	models	(e.g.	whatever	the	nuance	of	detail	
in	immune	system	function	incorporated	within	models).
Developing	 the	 relevant	 theory	will	 clearly	 not	 be	 straightfor-
ward.	One	important	challenge	will	be	in	establishing	how	resource	
costs	are	paid	(Schwenke,	Lazzaro,	&	Wolfner,	2016),	 including	the	
issue	 of	 defining	 the	 shape	 of	 trade‐offs	 between	 investment	 in	
immune	 system	 maintenance/activation/etc	 versus	 investment	 in	














CRISPR/CAS9	 knockouts	 to	 novel	 immune	measures)	with	 unique	
model	 systems	 that	 encompass	 an	 array	 of	 life	 histories	 (e.g.	 the	
Syngnathiformes	system	ranging	from	no	parental	care	to	paternal	
pregnancy),	and	a	more	comprehensive	array	of	hormones	that	af-
fect	 immunity	 (beyond	androgens),	will	also	contribute	 insight	 into	
patterns	 of	 immune	 function	 across	 the	 life	 course,	 and	 between	
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